The hemolytic activity of 20 classical and 3 El Tor strains of V. cholerae 01 was examined phenotypically and genetically. The El Tor strains lysed bovine, chicken, human, rabbit, and sheep erythrocytes (RBCs), while the classical strains lysed only chicken and rabbit RBCs. The assay was done with RBCs in Tris-NaCI buffer, since phosphate-buffered saline was found to inhibit hemolytic activity. Hemolytic activity in culture supernatants from El Tor strains was more sensitive to heat inactivation than that in supernatants from the classical strain 395. A gene library of strain 395 was examined for hemolytic activity, and two distinct hemolytic clones were identified. One clone appeared identical to the previously cloned hemolysin structural gene from El Tor V. cholerae, while the other did not hybridize to the El Tor hemolysin probe, had a unique restriction enzyme digestion pattern, and encoded a hemolysin whose activity differed from that of the El Tor hemolysin clones.
genetically. The El Tor strains lysed bovine, chicken, human, rabbit, and sheep erythrocytes (RBCs), while the classical strains lysed only chicken and rabbit RBCs. The assay was done with RBCs in Tris-NaCI buffer, since phosphate-buffered saline was found to inhibit hemolytic activity. Hemolytic activity in culture supernatants from El Tor strains was more sensitive to heat inactivation than that in supernatants from the classical strain 395. A gene library of strain 395 was examined for hemolytic activity, and two distinct hemolytic clones were identified. One clone appeared identical to the previously cloned hemolysin structural gene from El Tor V. cholerae, while the other did not hybridize to the El Tor hemolysin probe, had a unique restriction enzyme digestion pattern, and encoded a hemolysin whose activity differed from that of the El Tor hemolysin clones.
We suggest that the hemolysin specified by the determinant originally cloned from an El Tor vibrio be designated hemolysin I and the second hemolysin, cloned from the classical vibrio, be designated hemolysin H.
Hemolytic activity commonly has been associated with the El Tor biotype but not the classical biotype of Vibrio cholerae. While several properties differentiate the two biotypes, hemolysis alone has been proposed as a means of distinguishing them (18) . However, classical strains have been isolated which exhibit hemolytic activity (14) , and several El Tor V. cholerae strains have been isolated which are not hemolytic (1, (7) (8) (9) .
We examined the hemolytic activity of El Tor and classical V. cholerae on erythrocytes (RBCs) from a number of animal sources. These studies confirm the presence of hemolytic activity in classical V. cholerae and also show that it is different from that in El Tor vibrios. We also isolated two distinct genetic determinants for hemolysin from a library of classical V. cholerae chromosomal DNA. One hemolytic determinant appears to contain the same structural gene as that previously isolated from El Tor V. cholerae (10, 16) . The second hemolytic determinant appears to be unique on the basis of Southern blot analysis and restriction endonuclease digestion patterns.
MATERIALS AND METHODS
Bacterial strains. The V. cholerae strains used in this study are listed in Table 1 . Escherichia coli HB101 was the host for cloned DNA (4). Strains were stored at -70°C in L broth (15) containing 20% glycerol.
Hemolysin assays. Bacterial strains were assayed for hemolysis on freshly prepared blood agar plates containing 1% (vol/vol) erythrocytes (RBCs), half-strength heart infusion (Difco Laboratories, Detroit, Mich.), 25 mM Tris (pH 7.5), 75 mM NaCl, and 0.8% agar. The inoculated plates were incubated at 35°C with 5% CO2 for 48 h and then observed for hemolysis. Rabbit, human (type 0), and bovine blood were obtained in the presence of heparin to prevent clotting. The cells were washed three times with modified Alsever solution (6) Hemolytic activity in cell-free culture supernatants was assayed following filtration through nitrocellulose filters (Millex-HA, 0.45-,um-pore-size filter; Millipore Corp., Bedford, Mass.) which were treated with bovine serum albumin (bovine albumin fraction V; United States Biochemical Corp., Cleveland, Ohio) in the following manner. Nitrocellulose filters, containing 1 ml of 3% bovine serum albumin (wt/vol) in 50 mM carbonate (pH 9.6) were incubated at room temperature for 1 h and rinsed with an additional 1 ml of the bovine serum albumin solution. Supernatants from centrifuged cultures were then filtered through these treated filters. To assay hemolytic activity, portions of the filtered culture supernatants were placed in wells cut in agar plates containing 1% (vol/vol) RBCs in 50 mM Tris (pH 7.5), 0.15 M NaCl, and 0.8% agar (Tris-NaCl-rabbit blood agar). The plates were incubated at 35°C with 5% CO2 and observed for hemolysis over a period of 48 h.
Hemolysin production in various media. V. cholerae 26-3 (El Tor) and 395 (classical) were grown in the following media to determine the optimal medium for hemolysin production. Tryptic soy broth, brain heart infusion, and heart infusion were obtained from Difco. Filtrate of heart infusion was prepared by filtering the medium through a Pellicon membrane (10,000-molecular-weight cutoff; Millipore Corp.). The sterile filtrate was used as growth medium. Sterile glycerol was added aseptically to heart infusion to give a final concentration of 3% (vol/vol).
Except for the strains grown in glycerol-containing medium, V. cholerae strains were grown statically overnight at 35°C in the broth medium to be tested. For testing the effect of glycerol on hemolysin production, the cells were grown overnight in heart infusion without glycerol. The the supernatants were filtered as specified above, and the filtered supernatants were serially diluted twofold in TrisNaCl. A 50-,ul portion of each dilution was placed in wells cut in Tris-NaCl-rabbit blood agar. The titer was defined as the highest dilution producing a zone of hemolysis after 48 h of incubation. Kinetics of hemolysin production. The El Tor strain 26-3 and the classical strain 395 were grown statically overnight in heart infusion. The cultures were diluted 1:100 in fresh medium and incubated at 37°C with shaking at 200 rpm. At 2-h intervals, the optical density at 600 nm was determined, a portion of the culture was removed and centrifuged, and the filtered supernatant was titrated for hemolytic activity on Tris-NaCl-rabbit blood agar. Heat inactivation of hemolytic activity. Filtered culture supernatant (2 ml) from strains 26-3 and 395 grown in heart infusion was incubated at 55°C in a water bath. At 10 min intervals, 0.1 ml was removed and the titer of hemolytic activity was determined on Tris-NaCl-rabbit blood agar.
Construction of a V. chokrae 395 gene library. Chromosomal DNA from V. cholerae 395 was obtained by the method of Brenner et al. (5) and partially digested with Sau3A to yield fragments of ca. 40 kilobases. The partially digested chromosomal DNA was ligated overnight with T4 DNA ligase (Bethesda Research Laboratories, Gaithersburg, Md.) at 15°C to the cosmid vector pHC79 (12), which had been completely digested with BamHI. The DNA was packaged in vitro into lambda bacteriophage particles as described by Maniatis et al. (15) and adsorbed to E. coli HB101, and the transductants were selected by plating on L agar containing ampicillin (100 ,ug/ml). Approximately 600 clones were obtained. Hemolysin-producing clones were identified by plating the clones on rabbit blood agar containing ampicillin.
Recombinant plasmid DNA was isolated by the method of Birnboim and Doly (3). Restriction enzymes used for mapping restriction sites on recombinant plasmids, for subcloning, and for constructing the gene library were obtained from Bethesda Research Laboratories or International Biotechnologies, Inc., New Haven, Conn., and used as specified by the manufacturer.
Analysis of hemolysin clones by Southern hybridization. The El Tor hemolysin probe was a 400-base-pair HpaI fragment internal to the hemolysin structural gene (10) from plasmid pCVD36. The classical hemolysin probe was from plasmid pCVD807 and consisted of all ClaI fragments in this plasmid except the ca. 6,000 base pairs of vector DNA (see Fig. 4 ). The DNA probe fragments separated electrophoretically in gels were electroeluted from the gels, ethanol precipitated, and successively extracted with phenol, chloroform, and ether. The fragments were nick translated with [32P]dATP (New England Nuclear Corp., Boston, Mass.) as described by Maniatis et al. (15) . These probes were used to analyze the hemolysin clones digested with HindIII and electrophoresed through agarose, and the DNA was transferred to nitrocellulose (type BA85, Schleicher & Schuell, Inc., Keene, N.H.) by the method of Southern (20) . Hybridization was carried out under conditions of high stringency (50% formamide) at 37°C as described by Moseley and Falkow (17) . The reacted nitrocellulose paper was exposed to Kodak XAR-2 film (Eastman Kodak Co., Rochester, N.Y.) with DuPont Cronex intensifying screens at -70°C.
RESULTS
Hemolysin production by classical and El Tor V. cholerae. Twenty classical strains and three El Tor strains of V. cholerae were tested for hemolysis of various RBCs (Table   INFECT. Two strains, 395 (classical) and 26-3 (El Tor), were examined further for hemolytic activity of filtered culture supernatants on rabbit RBCs. Activity was observed in these filtrates only when nitrocellulose filters were pretreated with 3% bovine serum albumin in carbonate buffer or when low-protein-binding filters (Millipore) were used. The use of phosphate-buffered saline in place of Tris-NaCl decreased the observed hemnolytic titers 10-to 100-fold.
The amount of hemolytic activity produced by strains 395 and 26-3 assayed on rabbit RBCs was not affected by the growth medium used (brain heart infusion, heart infusion, tryptic soy broth, or filtrate of heart infusion). The inclusion of glycerol in the growth medium, which increases the yield of hemolysin fromn El Tor vibrios (19) , increased by twofold the yield of hemolysin from the El Tor strain but did not increase hemolysin production by the classical strain.
The El Tor strain always produced more hemolysin (10-to 100-fold) than did the classical strain. The various RBCs exhibited the same relative sensitivity to hemolysis by culture supernatants from either biotype. Erythrocytes exhibited relative sensitivity to hemolysis in the following order: rabbit > chicken > human > sheep > boviie. Supernatant from the El Tor strain lysed sheep and bovine RBCs, but supematant from the classical strain did not.
Kinetics of hentolysin production. Both the classical strain 395 and the El Tor strain 26-3 grew in heart infusion broth and produced hemolysin with the same kinetics (Fig. 1) . Hemolysin was produced throughout cell growth. However, the final yield of hemolytic activity was less for the classical strain than for the El Tor strain.
Kinetics of heat inactivation. Purified hemolysin from an El Tor strain of V. cholerae was shown to be inactivated by incubation at 55°C (13) . We observed that most hemolytic activity irn cell-free culture supematants for two El Tor strains, 26-3 and N16961, was lost within 10 min when the (a) cholerae. The filtrates were incubated at 55°C, and, at the indicated times, the titer of hemolytic activity was determined on TrisNaCl-rabbit blood agar as described in the text. Each value is the average of three experiments.
strains were incubated at 55°C (Fig. 2) . However, hemolytic activity in the cell-free culture supernatant from the classical strain, 395, exhibited different inactivation kinetics. Initially, some activity was lost, with similar kinetics of inactivation to that of the El Tor culture supernatant. A 30-to 40-min period followed during which no further activity was lost; the remainder of the hemolytic activity was then destroyed. Incubation at 45°C did not inactivate hemolysin from either biotype.
Cloning of hemolytic determinants from strain 395 chromosomal DNA. Three clones hemolytic for rabbit RBCs were identified from a gene library of strain 395 chromosomal DNA. These clones were designated pCVD801, pCVD802, and pCVD803. In addition to expressing hemolysin, E. coli HB101 containing the pCVD803 plasmid expressed a unique phenotype. The colonies were pale green after 48 h of growth on either L agar or blood agar plates.
Hemolytic activity of hemolysin clones in HB101 on various RBCs. E. coli HB101 containing the cloned hemolysin DNA was grown on blood agar plates containing various RBCs ( pCVD801 and pCVD802 and compared with the hemolysin determinant cloned from El Tor DNA, pCVD36. The maps for these clones are shown in Fig. 3 . The two clones from the classical gene library are apparently independent overlapping isolates, since they contain both unique and common fragments of DNA. No difference in restriction sites was observed between the El Tor clone pCVD36 and the classical clones pCVD801 and pCVD802. The third clone from the classical gene library, pCVD803, was subcloned by partial restriction of pCVD803 DNA with EcoRI and religation of the DNA. A hemolytic ampicillin-resistant transformant designated pCVD806 was obtained. To further reduce the size of the cloned DNA containing the hemolysin determinant, pCVD806 DNA was digested to completion with the restriction enzyme XhoI and religated. The hemolytic ampicillin-resistant subclone pCVD807 was obtained. The restriction enzyme map of pCVD807 (Fig. 4) clearly differs from that of pCVD801 and pCVD802. Southern blot analysis. The three recombinant plasmids isolated from the classical gene library were probed for sequences homologous to a portion of the hemolysin structural gene (400-base-pair HpaI fragment) from El Tor V. cholerae. The El Tor hemolysin clone (pCVD36), as well as pCVD801 and pCVD802, exhibited a common band which hybridized with the probe (Fig. 5) . However, no homology with the HpaI fragment was seen for pCVD807. The converse experiment, with cloned DNA from the pCVD807 plasmid as the probe, showed no homology with pCVD36, pCVD801, or pCVD802 (data not shown). (16) showed that three genes are required for efficient hemolysin production in El Tor V. cholerae. Two of these genes are apparently involved in expression of hemolysin, since insertions in these genes decreased the production of hemolysin. Additionally, Goldberg and Murphy (11) described a cloned El Tor hemolysi'n sequence from the classical strain 569B which contains a DNA deletion. This particular clone does not produce any hemolysin, as shown by lysis of sheep RBCs and immunoprecipitation. These workers observed a deletion in a cloned hemolysin determinant from a Hly-El Tor vibrio, unique from the deletion in the clone from the classical strain 569B.
DISCUSSION
In both of these instances, the structural gene for hemolysin appeared to be intact. Finally, Von Mechow et al. (21) identified a hemolysin regulatory gene (hlyR) which maps some distance from the hemolysin structural gene. These data support the hypothesis that decreased expression of hemolysin in classical V. cholerae could be due to an alteration of hemolysin regulatory genes.
An interesting observation was that the unique hemolysin determinant from the classical vibrio caused the host E. coli cells to have a pale green coloration on L agar or blood agar. This may be the hemodigestive factor reportedly produced by V. cholerae (17) . The hemodigestive factor does not lyse RBCs but produces a discoloration of the agar surrounding the V. cholerae colony. Presently we do not know whether the hemolytic phenotype and green coloration are the result of a single genetic determinant. Subcloning and transposon mutagenesis studies currently in progress should determine whether the two phenotypes are encoded by a single gene.
The role of hemolysin in V. cholerae pathogenesis remains unclear. Honda and Finkelstein in 1979 (13) questioned the role of hemolysin in pathogenesis, since classical vibrios were at that time described as being hemolysin negative. Supporting this contention was the observation that classical vibrios are generally more virulent than El Tor vibrios (2). We have recently constructed strains of V. cholerae with deletions in the hemolysin I structural gene (H. L. T. Mobley, J. M. Michalski, and J. B. Kaper, Program Abstr. 25th Intersci. Conf. Antimicrob. Agents Chemother., abstr. no. 1129, 1985) , and these are being evaluated for their effect on pathogenicity. The isolation of a second determinant encoding hemolysin II from classical V. cholerae suggests another possible virulence factor. Biochemical, genetic, and pathogeneis studies currently under way will evaluate the role, if any, of this second hemolysin in the pathogenesis of V. cholerae.
